Norway spruce is a relatively fast-growing tree species that is primarily regenerated by planting, which requires significant investments. The formation of lammas shoots (i.e., second flushing in late summer) have been proven to affect the quality and productivity of Norway spruce stands. The aim of our study was to assess the proportion of trees with lammas shoots in young stands of Norway spruce and to investigate the factors affecting their formation. Data have been collected at the end of 2011 in 102 three-to seven-year-old Norway spruce plantations randomly selected across different forest types in the central part of Latvia, and a subset of 21 stands were inventoried again at the end of 2012. In each stand, 20 sample plots were systematically established where trees with and without lammas shoots were counted and micro-environmental factors (moisture, competition, and browsing) were assessed on a three-grade scale. On average, the proportion of trees with lammas shoots was 6.5%. There was no significant effect of the stand age (from 3 to 7 years) on the proportion of trees with lammas shoots nor was there any age-related trend. The effect of forest type on the presence of lammas shoots was not significant. Micro-environmental factors had an important influence on the proportion of trees with lammas shoots. The proportion of lammas shoots in stands with no competition was significantly higher (14.5%) compared to stands with medium and high competition (6.0% and 2.2%, respectively). Similarly, a significantly higher proportion of trees with lammas shoots (11.7%) was observed in sites with normal moisture regime than in sites with slight or notable excess moisture, reaching 4.8% and 1.7%, respectively. Although the influence of browsing damage was not statistically significant, its trend was similar to that observed for competition and moisture regime. Overall, the proportion of trees with lammas shoots was highest in stands showing the most suitable micro-environmental conditions for Norway spruce.
Introduction
Norway spruce is the most economically important tree species in the Baltic Sea region, due to its relatively large share in the total forest coverage (Brus et al. 2011) , high value of coniferous tree saw logs, and notably shorter rotation period and higher productivity compared to Scots pine (Ekö et al. 2008) . In Latvia, Norway spruce is the dominant tree species in 18% of the total forest area (Gadskarta 2016) . Most stands (83%) are regenerated by planting, which requires notable investments, starting from tree breeding programs and seed orchard maintenance up to plant production, soil preparation, and the planting itself (Jansons et al. 2015) . Norway spruce plantations in Latvia are mainly established in forest types with fertile mineral soils, with normal moisture regime (Hylocomiosa and Oxalidosa) and drained soil (Myrtillosa mel.) accounting for 34%, 39%, and 9%, respectively, of the total annual planted area by this species (Bušs 1976 , Gadskarta 2016 .
Changes in climatic conditions might severely affect the survival and development of forest stands (Kenina et al. 2018 ). Longterm phenological observations across Europe have indicated a trend towards an earlier and longer vegetation period (Stö-ckli & Vidale 2004) , which is predicted to continue in the future. By the middle of this century, the length of the vegetation period in Latvia could increase by two to three weeks in comparison to the mean in 1961 -1990 (Klavins & Briede 2012 . The response of trees to longer periods of favourable growing conditions might include an increased frequency of formation of lammas shoots (i.e., the second flushing in late summer) after the end of the formation of the predetermined height increment. Formation of lammas shoots has long been studied; however, the underlying physiological mechanisms are not well understood yet (Cline & Harrington 2007) . It has been previously reported that the formation of lammas shoots is significantly affected by both meteorological conditions (Dormling et al. 1968 , Aldén 1971 , Von Wüh-lisch & Muhs 1986 ) and genetic factors (Hoffmann 1965 , Rone 1975 , Ununger et al. 1988 , Danusevičius & Persson 1998 , Danusevičius 1999 , Søgaard et al. 2011 .
Genetic determination of lammas shoot formation has been established by analysis of provenance trials. For example, Danusevičius & Persson (1998) reported that the proportion of trees with lammas shoots ranged from 4% ± 2% for provenances from northern Sweden to 17% ± 3% for prove-Latvian State Forest Research Institute "Silava", Rigas Street 111, Salaspils, LV-2169 (Latvia) @ @ Aris Jansons (aris.jansons@silava.lv) nances from Austria at the age of five years in an experiment in Sweden. Significant provenance effects and similar trends (but higher mean values) were reported based on a trial at the same age in Norway. The proportion of trees with lammas shoots was lowest for Scandinavian provenances (18%), followed by Latvian provenances (28%) and Slovak and Czech provenances (54% - Søgaard et al. 2011) . Eriksson (2010) reported that, in Austria, the high-altitude provenances do not form lammas shoots, while such shoots are formed by valley-bottom provenances. Provenance and family were significant factors affecting the occurrence of lammas shoots, according to Steffenrem et al. (2008) , based on an analysis of open-pollinated progeny trials. However, the family (genetic) contribution to the total variance was relatively low (4%). Lammas growth is often among the traits included in the selection index due to its direct effect on or correlation with the stem and wood quality traits (Jansson et al. 2013) . For example, Skrøppa et al. (1999) , based on the evaluation of 15 provenances from Finland, Denmark, Germany, and Poland, reported a significant association between the occurrence of lammas shoots at juvenile age and the wood density at the age of 29 years.
Meteorological conditions of the previous year influence the predetermined growth, but conditions of the current year may affect the second flushing (Dormling et al. 1968 , Junttila 1986 , Von Wühlisch & Muhs 1986 ). The increased frequency of lammas shoots for Norway spruce due to the rise in temperature has been proven in laboratory conditions (Johnsen 1989 , Kvaalen & Johnsen 2008 . This increase has been observed in the field in recent years and has been attributed to changes in climatic conditions (Kvaalen et al. 2010 , Sø-gaard et al. 2011 .
The second flushing of Norway spruce and other conifer species has been linked to the increased frequency of trees with double leaders and/or spike knots (Gabrilavičius & Danusevičius 2003 , Pallardy 2008 , Søgaard et al. 2011 . In some cases, the occurrence of these stem defects might be caused by several lammas shoots competing for dominance, as well as by insufficient frost hardiness of the apical shoot (and consequently damage) due to lammas growth, at least partly linked to maladaptation of the studied material. Some studies have indicated that most of the spike knots formed in this way disappear in a few years without causing permanent stem damage (Jansons et al. 2016) . Formation of lammas shoots is linked to a faster tree growth, thus contributing to increase the productivity of plantations. Indeed, correlations between the mean tree height and the proportion of trees with lammas shoots at five to 13 years of age have been reported in several countries: Germany (r = 0.93, p < 0.01), Sweden (r ≈ 0.3, p < 0.01), and Latvia (Hoffmann 1965 , Rone 1975 , Danusevičius & Persson 1998 .
A systematic inventory of the frequency of second flushing in Norway spruce has not previously been conducted in Latvia, though lammas shoots are demonstrated to have an increasing frequency and importance in the determination of the productivity and quality of spruce stands. Therefore, the aim of the study is to assess the proportion of trees with lammas growth in young stands of Norway spruce and to identify the environmental factors which affect their formation. The following hypotheses are tested: (i) optimal growing conditions have a positive effect on the formation of lammas shoots in young Norway spruce trees; (ii) tree age has a negative effect on the formation of lammas shoots. This knowledge could be further used in the preparation of recommendations for forest management.
Materials and methods
Data have been collected at the end of 2011 from 102 Norway spruce plantations located in the central part of Latvia (56°3 7′-56° 57′ N, 23° 37′-24° 49′ E - Fig. 1 ). Three-to 7-year-old stands (in 2011) were randomly selected across different forest types (Tab. 1). A subset of 21 stands was further surveyed at the end of 2012. All the selected stands have been established using reproductive material from local seed orchards. The area of each stand was at least 0.5 ha and their elevation ranged from 10 to 40 m a.s.l.
The climate in the study area is predominantly characterised by western winds bringing warm and moist air masses from the Baltic Sea and the Atlantic. According to the Latvian Environment, Geology, and Meteorology Centre (LEGMC 2012), the mean annual temperature in the region is +5.9°C. The average temperature of the warmest month (July) is +17.0°C (mean maximum temperature +21.5°C), and the annual precipitation is 667 mm. Data from the three nearest meteorological stations (Riga, Dobele, and Skriveri) were used to analyse the possible influence of meteorological conditions on lamma shoot formation ( Fig. 1) .
In each stand, 20 sample plots (radius 2.82 m, area 25 m 2 ) were placed at regular distance along its longest diagonal. The number of trees with and without current season lammas shoots was recorded in each sample plot. A lammas shoot was defined as the second flushing of the apical or lateral buds of the top shoot, reaching at least 1 cm in length.
The growing conditions of trees in the plots were quite different and not always favourable, due to recent changes in habitat characteristics (e.g., the presence of a beaver dam across the melioration ditch) and browsing pressure (according to the State Forest Service, the density of roe deer, Capreolus capreolus L., was 30-40 inds. per 1,000 ha on average). Thus, for each plot the suitability of micro-environmental factors was assessed in a subset of 70 stands (56 in 2011, 14 in 2012) using a three-grade scale which considered the following factors:
• competition by the surrounding vegetation (within a radius of 0.5 m from the spruce tree), including herbaceous plants, shrubs, and sprouts of other tree species; a score (grade) was assigned to each plot based on the ratio between the mean height of trees and that of the surrounding vegetation (Grade 1: < 0.75; Grade 2: 0.75-1.25; Grade 3: > 1.25); • moisture regime: Grade 1 was assigned to plots showing normal conditions, Grade 2 to plots with periodic excessive moisture, and Grade 3 to those showing permanent excessive moisture (e.g., due to clogging of a drainage system); • browsing damage was recorded for trees with damaged tops and/or more than 50% of lateral shoots; a score was assigned to each plot based on the proportion of trees affected by browsing (Grade 1: < 1%; Grade 2: 1%-10%; Grade 3: > 10%). The proportion of trees with lammas shoots (i.e., the number of trees with lammas shoots out of the total number of trees) at the stand level was calculated as the mean value (± 95% confidence interval) of sample plot proportions. The proportion iForest 11: 809-815 
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Factors affecting lammas shoot formation in Norway spruce of trees with browsing damage was calculated in the same way. Spearman's correlation analysis was used to assess the relation between the proportion of trees with lammas shoots and stand density. To assess the effect of the above factors on the proportion of trees with lammas shoots, a binary logistic generalised linear mixed-effects model (GLMM) was implemented in software R ver. 3.4.3 (R Core Team 2017) using the library "lme4" (Bates et al. 2015) . Three models were developed using the relation between trees with and without lammas shoots at the plot level as the response variable. In all models, the stand ID was set as random effect to account for possible correlation (repeated measures) among sample plots within the same stand. The first model included stand age and forest type as predictors using the whole set of 102 stands inspected in 2011. The second model included the three micro-environmental factors (competition, moisture and browsing damage) and the year of observation as predictors, which were tested on the subset of 70 stands described above. Using the same data subset, a third model was developed which included the suitability of growing conditions as predictor, which was calculated as the sum of scores (grades) for all three microenvironmental factors, ranging from 3 (best) to 9 (worst). Generalised linear hypothesis tests, as implemented in the R library "multcomp" (Hothorn et al. 2008) , were used as post-hoc tests after GLMM when the interaction of the factor or factors with more than two levels were significant compared to the mean proportions between levels.
Results
The proportion of trees with lammas shoots across the sampled stands ranged from 0% to 25% and was 6.5% on average. It was slightly higher in 2012 than in 2011 (in stands sampled in both years, the proportion was 12.9% and 9.1%, respectively), but differences between years were not statistically significant (χ 2 = 0.5696, p = 0.450). Initial spacing in all stands was similar, but due to the differences in survival, the density at the age of assessment ranged from 800 to 3600 trees ha -1 . The differences in stand density had no statistically significant relation to the proportion of trees with lammas shoots.
There were no notable differences in air temperature in the period of formation of lammas shoots (end of July to the beginning of August) between 2011 and 2012. The mean diurnal temperature in the last week of July and the first week of August at the Riga meteorological station was 20.4 and 20.7 °C, respectively. In Dobele, it was 18.6 and 19.3 °C, respectively, and in Skriveri it was 19.4 and 19.4 °C, respectively. However, a sharp temperature increase by the end of July 2012 in comparison to the slight decrease in the same period of 2011 was observed (Fig. 2) . Temperature differences between the third and fourth weeks of July were 5 to 5.8 °C in 2012, but only 0.3 to 0.5 °C in 2011.
Minor changes in precipitation in the first week of August were observed in 2012 as compared to the last week of July (a slight increase in Dobele and decreases in Skriveri and Riga). In contrast, in 2011 (with a lower frequency of trees with lammas shoots), a sharp decrease in the amount of precipitaiForest 11: 809-815 811
Tab. 1 -Number of plots sampled in the Norway spruce stands considered in this study, according to stand age and forest type. tion in the first week of August in comparison to the last week of July was observed (from 29 mm to 0 mm in Skriveri, from 46 mm to 3 mm in Riga, and from 106 mm to 14 mm in Dobele). In the second and third weeks of August, there was a lower amount of precipitation in 2012 than in 2011: 0.3-5 mm and 31-80 mm per week, respectively (Fig. 3 ).
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There was no significant effect of stand age on the proportion of lammas shoots (χ 2 = 0.2175, p = 0.641) nor was there an age-related trend. The highest mean proportion of trees with lammas shoots was reached in 7-year-old stands, while the lowest value was observed in 6-year-old stands (Fig. 4) . Notable variation in the proportion of trees with lammas shoots was detected for stands at different ages within a particular forest type; for example, in Myrtillosa mel. the proportions were 12.7%, 4.0%, and 10.8% at the ages of 4, 6, and 7 years, respectively. The effect of the forest type on the presence of lammas shoots was not significant (χ 2 = 3.6892, p = 0.815). The highest and lowest proportion of trees with lammas shoots was detected in Mercurialiosa mel. and Oxalidosa turf.mel., respectively (Fig. 5) . Also, the nteraction between forest type and stand age did not significantly affect the frequency of lammas shoots (χ 2 = 5.0154, p = 0.6581). Micro-environmental factors had an important influence on the proportion of trees with lammas shoots (Fig. 6) . The effect of competition from the surrounding vegetation and moisture regime was statistically significant (χ 2 = 45.0218, p < 0.001). The proportion of trees showing lammas shoots in stands with no competition (Grade 1) was significantly higher (14.5%) in comparison to stands with medium (Grade 2) and high (Grade 3) competition (6.0% and 2.2%, respectively), being the difference between the two latter grades not significant (p = 0.066). Similarly, there was a significantly higher proportion of trees with lammas shoots (11.7%) in sites with a normal moisture regime (Grade 1) than in sites with periodic (Grade 2: 4.8%) or permanent (Grade 3: 1.7%) excessive moisture. Similar to that observed for competition, the difference between Grade 2 and Grade 3 of moisture was not significant (p = 0.184). Although the influence of the browsing damage was not statistically significant (p = 0.094), the observed trend was similar to that detected for competition and moisture regime. The proportion of trees with lammas shoots was 11.3%, 8.2%, and 7.7% in Grade 1, Grade 2, and Grade 3, respectively. The effect of the interactions (of the second or third level) was not significant, suggesting that each factor had independent influence on the formation of lammas shoots.
Finally, the combination of the scores for all micro-environmental factors (moisture, competition, and browsing pressure) revealed a clear significant trend (Fig. 7) . The highest proportion of trees with lammas shoots occurred in the most favourable conditions (lower score). If at least one of the factors scored 3 in any stand (a notable negative influence), the proportion of trees with lammas shoots in that stand did not exceed 10%.
Discussion
The average proportion of trees with lammas shoots in our study (7% ± 1%) was similar to that found for Norway spruce provenances from Baltic States at the age of five years in an experiment in Sweden (Danusevičius & Persson 1998 ). An even higher proportion of trees with lammas shoots was found in Norway, based on the analysis of the national forest inventory sample plots (located at an elevation up to 200 m a.s.l.). Moreover, Kvaalen et al. (2010) reported that as many as 80% of trees had lammas shoots in two of the 58 sample plots analyzed.
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Factors affecting lammas shoot formation in Norway spruce
The formation of predetermined and additional height increment is defined by meteorological conditions, such as temperature and precipitation, in combination with the photoperiod (Dormling et al. 1968 , Aldén 1971 , Von Wühlisch & Muhs 1986 , Gabrilavičius & Danusevičius 2003 . Skrøppa & Steffenrem (2016) described the negative relationship between the presence of lammas shoots and the timing of shoot growth for full-sib families in a provenance trial of Norway spruce in the fifth growing season, pointing out that the occurrence of lammas shoots is generally positively associated with a favourable climate and soil fertility. Analysis of different coniferous tree species, such as red pine (Pinus resinosa Ait.), white pine (Pinus strobus L.), California red fir (Abies magnifica A. Mur.), and white fir (Abies concolor (Gord. and Glend.) Lindl.), suggests that abundant precipitation at the end of the vegetation period can stimulate the formation of lammas shoots (Büsgen 1929 , Carvell 1956 , McCabe & Labisky 1959 , Hallgren & Helms 1988 . This is in contrast to our results, where a lower proportion of trees with lammas shoots was observed in 2011 -a year with higher amounts of precipitation in the middle part of August in comparison to 2012, but only slightly higher than the long-term average and with an increase of precipitation only two weeks after the end of the predetermined height growth. After the completion of the predetermined height growth (second part of July), a sharp temperature increase was observed in the year 2012, along with the highest proportion of trees with lammas shoots. The results suggest that a relative change (not necessarily the mean values of any of the meteorological parameters temperature and precipitation) at the right period of the annual cycle of tree growth could trigger the formation of lammas shoots. In addition, there might be some indirect influence of spring temperatures since previous studies have suggested that earlier flushing trees are more likely to form lammas shoots (Neimane et al. 2015 , Skrøppa & Steffenrem 2016 , presumably due to the longer period between the end of the predetermined growth and the drop in temperature in autumn. However, the observations in the current study were conducted in autumn, and the spring phenology data were not available.
A decrease in the frequency of formation of lammas shoots with tree age was observed in a number of studies (Büsgen 1929 , Ehrenberg 1963 , Aldén 1971 , Rone 1985 , Von Wühlisch & Muhs 1986 , Ununger et al. 1988 , Søgaard et al. 2011 . For example, in a Norway spruce trial in Norway, 38% of 5-year-old trees had lammas shoots, in contrast to 22% at 6 years and 17% at 7 years. This trend was similar in almost all represented provenances (Søgaard et al. 2011) . In contrast, no age-related trend was observed in our study. Prolonging or expanding the study (adding one more inventory or older stands) could further improve our understanding of this phenomenon. After analysing the genetic and environmental variation of internodal and whorl branch formation (including whorls formed by lammas growth) for open-pollinated families of Norway spruce at the age of 27 years, Steffenrem et al. (2008) pointed out that, the effects at the juvenile stage might be confounded with the year (meteorological) effect. Retrospective study has also demonstrated higher frequency of the occurrence of extra whorls formed by lammas growth in sites with higher soil fertility iForest 11: 809-815 813 Fig. 6 -Mean proportion of trees with lammas shoots (± 95% CI) in spruce stands with different micro-environmental factors characterised by (A) competition of surrounding vegetation, (B) excessive moisture, and (C) browsing damage. Each factor was assessed in a three-grade scale, where (1) the negative effect of the factor on growth of the spruce was not observed, (2) the minimal negative effect of the factor was observed, and (3) the notable negative effect of the factor was observed.
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Fig. 7 -Mean proportion of trees with lammas shoots (shown by the black line) with the 95% CI (grey band on both sides of the line) in the Norway spruce stands analyzed in relation to the suitability of the growing conditions (x-axis), expressed as the sum of grades (scores) for three micro-environmental factors (competition, moisture, and browsing). For each factor, its negative effect on Norway spruce growth was quantified as: (1) not observed or negligible; (2) minimal; (3) notable.
Katrevics (assessed in terms of site indices). In other studies carried out on Norway spruce in south-eastern Norway, the forest type (i.e., availability of nutrients) was one of the major factors determining the proportion of trees with lammas shoots: by height index H40 = 11 and H40 = 23, the proportion of trees with lammas shoots was 5%-25% and 30%-90%, respectively (Søgaard et al. 2011 ). We did not find significant differences in the proportion of trees with lammas shoots between forest types representing growing conditions for more than 90% of the spruce-dominated stands in Latvia (data: NFI 2010). However, the range of site indexes included in our study (roughly corresponding to H40 = 8-22) was smaller than that of the aforementioned study (H40 = 8-26 - Søgaard et al. 2011 ).
Our results showed that differences in the proportion of trees with lammas shoots (even within forest types or stand ages) were strongly linked to micro-environmental factors like moisture, competition, and browsing pressure. For example, in a 5-year-old stand belonging to the Hylocomiosa forest type with little evidence of tending and therefore a high competition of herbaceous plants and shrubs, as well as visible browsing damage on 22% of trees, only 1.8% of the individuals had lammas shoots, while the proportion was 25.5% in another 5-year-old stand of the same forest type with visible signs of regular tending and no browsing damage. Similar to our results, Roth & Newton (1996) found a notable increase in the occurrence of lammas shoots for the Douglas fir after weed control.
Sporadic observations gathered during our study (conducted in 2011 and 2012) also suggest that an increase in frequency of lammas shoots might be linked not only to differences in weather conditions between the years but also to the effect of tending conducted in 2011. For example, in a 3-yearold Oxalidosa turf. mel. forest type stand, where vegetation control was done in the second part of the vegetation period of 2011, the proportion of trees with lammas shoots increased from 10% in 2011 to 26% in 2012. Similarly, in a 5-year-old Hylocomiosa stand, it increased from 18% in 2011 to 33% in 2012.
Browsing damage could notably reduce carbon accumulation capacity and growth of Norway spruce trees. However, it did not show as much pronounced effect on the formation of lammas shoots as the other two micro-environmental factors assessed in this study. Low average browsing pressure (average share of damaged trees 10.7%) and the intensity of damage -a notable effect on height increment was only observed in a few cases -could be the possible reasons for the limited influence of this factor.
For the preparation of recommendations for forest regeneration and tree breeding, further studies should address the issue of actual risks (mainly the formation of longlasting stem defects) and the long-term positive relationship to growth which could be associated with the formation of lammas shoots.
Conclusions
The proportion of trees with lammas shoots in juvenile (from 3 to 7 years) Norway spruce stands ranged from 0% to 25% and was 6.5% on average. Improvement of micro-environmental conditions (intensive forest management) increased the proportion of trees with lammas shoots in juvenile Norway spruce stands, but there was no clear link between the occurrence of lammas shoots and the age of stands or the forest type.
